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ABSTRACT

This paper contains a review of the expanding use of computers and
computer-ajided design in the fields of bio-engineering, human engineering,
medicine and anthropometry. Work done in recent years on modelling complex
biological shapes and some methods of shape analysis are assessed. A
bibliography is included.

RESUME

Cette note technique contient une revue d2 l'expansion dans
l'utilisation des ordinateurs et de la conception assistée par ordinateur
dans les domaines de la bio-ingénierie, de l'ingénierie humaine, de la
médecine et de l'anthropométrie. Cn évalue aussi le travail accompli au
cours des récentes années dans le but de modéliser les formes biologiques
complexes de méme que quelques méthodes d'analyse des formes. Une

bibliographie est incluse.
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Today, almost every branch of engineering uses com
form or another and medical science, anthropometry and bigigngineering are
no 2xception.

SzThe use of computers nas come relatively late to these disciplines
a3 large amounts of computing power and sophiaticated graphics are required
for the complex data generated by the human body. If one i3 using
computers to generate a graphical representation of the human body (as in
anthropcmetric studies) or to determine the shape of the cockpit of a
righter aircraft, large quantities of data must be handled, as rarely are
these variables expressable as simple geometric fun~tions. One of the
reasons for the delay of computer applicationsa has been the lack of the
capabilities of computer graphics to render these data in a useable and
viaible form. The recent advances in image generation and processing, in i
terms of complexity and speed, have enabled workers in these fielda to i
adopt computers for tasks which would have seemed {mpossible only a few :
years ago.

)
a

This paper contains a short review of some of the applications of
computers in bio-engineering and the use of computer-aidad design in
anthropometrics, bio-engineering and medical science. Y l, . (](7‘)

2.0 LITERATURE REVIEW

2.1 EARLY BIOENGINEERINC ATTEMPTS

One of the earlier attempts to process human factor quantities by
means of computers and to use this computerized process as a design aid was
reported in "Comdiman - Computerized Bio-mechanical Man-Model" by
K.H. Kroemer (1). Combhiman was an effcrt to model the size, shape, mass
properties and joint movements of a human form graphically, using computer
graphics. The idea was to prodiice a computerized, anthropomretric,
biomechanical and ..-gonomic model of the human form.
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T conatruct thia model, the problem was apprcached {n thr=se,
distinct conceptual phases: antnropometric, biomechanical and
argonometric. Tha first phase, the M"Anthropometric analog", waa designed
to ensure that the model contained the standard anthropometric data of the
subjects, that data was stored on subjects wearing special equipment, and
that calculations on changes {n anthropometric descriptors {(produced by
variations {n posture, etc.) could be done. The second phase, the
"biomechanical analog", was designed to represent body mechanica by
modelling the linkage system and mass properties of the human body. The
combination of these two phases generated the third phase, the "ergononic
phase®, This was to combine the physical characteristics of the human body
and cho physics of the workplace {n such a way as to assess interactions
between variables and indicate that certain physically-def!ned task
requirements can be met within the given constraints.

The first models (before Combiman) were of the various "stickman®
type: straight line connectiocns of two- and three-dimensional joints, but
in 1964, Hanavan developed a model of the human body with inertial
properties which was, in {tself, a major advance. The Combiman model was
to be a further advance.

The first phase of development was to allow complete storage of
anthropometric information. The modelling done using this information was
to manipulate the stored data to take into account actual changes
representative of real working situations. The second phase would
incorporate dynamic properties, that is, the model would react to external
forces such as g-fields and vibration. The "active"™ version would
incorporate internal forces, torques, work and power capabilities. The
third phase of the model included models of the workplace with which the
Combiman model i{rteracted.

In the late 1960's and early 1970'3, several attempts were made to
model the human form. Because computer graphics in those days was an
infant technology, most of the computer models relied heavily on certain
algorithms to compute the puaition and motion of the modelled form with a
very limited CRT display. Some models (Bulgar (1967) developed by
Popodimitrov (2), Dynastick (1970) developed by Wartluft (3), Torque Man
(1968) developed by Chaffin (4) and MTM Man (1970) developed by Kirpatrick
(5)) contained only informaticn on the body's links and joints. Only the
shape and strength of various joints were included as other variables.
Torque Man was only a two-dimensional model. Some other models, Boeman
(developed by Boeing Aircraft Company in 1971) (6) contained some
mechanical or ergonometric¢ variables. Dynastick, although a stick model,
did contain some mass properties as determined by Clauser, McConville and
Young (1969).

These models did not all perform the same task but provided a
variety of outputs denending on the input. For example, the Boeing
"Boeman™ model required anthropometric data, cockpit descriptors and a
defined path of the hand as input and would output the joint angles and a




nas3/fail declslon as to whether or nst certain controls could be reached.
Moat of these models were programs that output certain data and did not
consist of an array of !mpresaive graphics.

As the Combiman model was going to be a dynamic model, the
mathematical structure of it had to be formulated to allow efficient
computer handling. Apart f-om performing calculations, the model had to
store large amounts of anthropometric data for static configuration
displaya and to be abls to handle coumplex algorithms describing the various
motions and iinkages of the limbs and torso. Ffurther, the model had to be
useful while sti{ll incomplete, in other words the algorithms would have to
have the capability of being amplified and expanded while remaining
functional.

[T W

This was an ambitious project, and four years later, in 1376, it

i wa3 still not complete. It was reported by F.J. Bates et al. (7) that, at
: that time, the model structure consisted of 33 links, 19 flexible joints, 6
fixed parts and 9 peripheral parts. The model structure, the number of
Joints and links and their arrangement could be changed easily. In this
work, the authors developed a programmable, mathematical version of the

4 Combiman model. The hip joint was taken as the base point of the linkages
) and from this bas2 point a chaln of links could be traced to any peripheral
9 point.

i ﬁ Several ways of describing the man-model were examined, beginning

} with the simple specification of joint locations. For a reallistic
man-model, the angular limitations of the flexible joints had to be
represented. This was done by using the Euler angles that are commonly
used in rigid body dynamics. Thcse angles define the three rotations with
l respect to the coordinate axes. Since the links were all known quantities,
' a matrix equation could *“e set up representing the transformations at the
pivot points. With a knowledge or the approximate maximum, minimum and
optimum values of the Euler angles for speciric human joints, the solution
of a variety of matrix equations will allow the configuration of the
Combiman model to be deduced in normal three-dimensional space. During the
execution ot a task, the paths of peripheral points and extremities of the
body were known, so the major computing problem was to find the values and
distribution of the Euler angles of the other joints and so to generate the
confisuration of the model. A couple of different techniques weire used for
_53 this such as multi-dimensional optimiza:ion techniques but suffice {t to

i g e i g e

say here that the Combiman project was one of the first to address the
prcblem of human body motions being represented in a computer image. The
:‘” image here is, of course, a mathematical image and not a sophisticated

: ! graphics display.

N e
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2.2 CRASH SIMULATICON

The need for knowledge of how the human body behavas in traumatic
s{ituations 1like autcmobile accidents {s readily apparent. This, too, has
Seen the subject of computer modelling techniques for obvious reasons.

When mathematical modelling {s used, i{ts effectiveness i3 always
open to question. This very problem was examined in some detail by G.
Frisch and J. O'Rourke (8). Their paper was entitled "The Effectiveness of
Mathematical Models as a Human Analog". Here they considered three
bicmechanical modelling programs, "Three-D Computer Simulator of Motor
Vehicle Crash Victims" (9,10) by Calspan Corporation; "Crash Victim
Simulator - Light Alrcraft" (11) and "Prometheus®™ by Boeing (12,13). This
type of modelling program was developed by various companies as tests with
human subjects were too dangerous and experiments with manikins very
variable. At that time there had been very little success with modelling
because of the complexities of the human body itself and the limitations of
earlier computers.

e

A set of tests was designed and carried out on human subjects. i
These were vests designed to mezsure the response of the subject to -Gx '
accelerations i.e. atopping quickly. External anthropometric data was
obtained for the body and X-ray data for the head. The X-ray data was
necessary to allow the fixing of transducer mounts to well defined
anatomical systems. All of these programs were variants of the Dynastick
concept, that {3, a linkage and pivot representation of the human body. ;
These, however, contained information on mass, moments of inertia, link Lo
lengths and locations of various segments' center of gravity. Other y "
attributes of the models were ball and socket joint representation (except R
for elbows and knees which were considered hinged). Head-neck and neck-
torso movements were included in the head motion analysis; friction and
viscous retarding forces were included in the joint descriptors. '

When eacn of the programs was tested, a variety cf variables was
recorded including angular acceleration of the head, lap belt loads, head
angular velocity and resultant linear acceleration.

The Calspan 3-D Computer Simulator contalined a sixteen-segment,
fifteen-joint representation of the man with the provision for usage of a
sophisticated shoulder joint model with ball and socket connections and
muscles simulated by spring dampers. As the simulations were run with the
shoulder straps 'in place', the thorax could exhibit greater excursion than
the shoulders themselves.
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Tho CVSLA prosram (Crash Victim Simulator - Light Alrcraft)
‘orsiated of a three-dimensional man-model, aireoraft seat and restraint
system. This was, of ccurse, designed to fnvestigate the crash worthiness
2f varicus seats and reatraint systems for commercial aircraft. Here,
~131d seats and soft seats could be simulated as well as forced elongation
of shoulder strap webbing on an eleven-segment budy. The segment
properties were reduced to fractions of total body weight and stature.
These fractlions, along with other factors to account for body size, were
used to calculate the subject's anthropometric character{stics. This
nrozram differed scmewhat from the Calspan model in that the head and neck
w2re treated as one mass unit.

The Prometheus program from Boeing was a two-dimensional crash
victim simulator with an occupant consisting of seven links, lap and
shoulder belts and an interaction with the environment through a non-linear
finite~element model of the seat structure. As many variables as possible
were made to match those in the Calspan program (for instance, head-neck
center of gravity position). This was to enable the investigators to make
as many comparisons as possible between the actual execution methods of the
programa. This had to be done in order to ensure that differences in the
results were not due to differences in the numerical integration procedures
tut to differences in the models themselves. The programs were run to
ensure that they were virtually error-free but differences in the numerical
integration packages cannot be totally ruled out as a source of differences
in the results.

The various man-models consisted of a variety of joints and links
and these were modified (for instance, the Calspan model had the head pivot
and ciavicular joints locked) so as to compare more directly with the
Prometneus model.

The comparison of these models showed that results were fairly
consistent but significant differences were apparent, for inatance, i{n tha
predicted belt loads and the time that peak forces were attajined. It was
found that although the results of simulation programs agreed with one
another quite well, their abilitles to replicate test data were generally
quite poor. Because alil the programs were very sensitive to inftial
conditions, the lack of precise input parameters could lead to very
different results due to only a small variation in these parameters.
Desnite the agreement of the program results, the comparison of these with
the results of actual testing showed that the assessment of what were the
relevant parameters from which to form a man-model needed scme serious
revision.

Some of the problems the authors encountered are readily
understandable. Modelling a dynamic, blological system with a simple,
mechanistic schematic will undoubtedly demonstrate differences and
discrepancies. Bearing in mind the complexity of the human organism, it i3
perhaps remarkable that such a'‘good agreement was observed.




2.3 MEDICAL APPLICATIONS OF COMPUTER MODELLING

As conputer graphics has come of age, it has come t7 be a valuablc
tcol {n the medical world.

Hodelling geometry {taelf, however, {3 easier as a large number of
asaumptions about dynamic properties of systems can be dispensed with. The
gecmetric structures {n biological forms that can be modelled vary in
complex{ity from the icosahedral structure of viruses (14) to the shape of
human bone structures. (Reference 14 will not be reviewed in detail.)

With the advent of computed tomography (CT) in the 1G70's it became
possible to perform three-~dimensional reconstruction and visualization of
the ventricular system and brain lesions (15). When CT i3 used on a
patient, about twenty images are produced and these are all
two-dimensionsal images. The authors here used computer software tc
generate a raater image. They used some technicues that utilized current
two-dimensiona: CT head display systemsa. The computed surfaces were
generated by taking the set of contour lines defined by the anatomical
object and intersectirg them with a set of parallel planes. The software
then took these and generated a triangular mesh (simf{lar to a finite-
element mesh).

The actual contour lines were obtained from the tomography images
in a variety of ways. A coordinate digitizer was used to select points on
the two-dimensionai curves genarated from the CT scan. These points were
then joined by a straight-line segments. Also, CT scans could be displayed
on a graphics display and a screen cursor used to find the requiaite
points. The mesh was then generated and a perspective three-dimensional
representation displayed.

From these displays, the medical staff involved obtained a clear
picture of various internal parts of the body. Also, volumes could be
estimated from the surface contours displajed. The major disadvantage of
this asyatem was that objects tended to become confused when more than three
or four were displayed at the same time. This i3 still the case with most
wire-frame displays today.

Visibility was greatly enhanced by surface shading. This gave the
image the appearance of the "solid model"™ type of display and the
depth-cueing reduced many of the ambiguities in perception. The "tiled"
surface (constructed with the triangular mesh) was also color-coded to add
to ease of perception and once the construction was complete, the
anatomical objects could be viewed from any angle and position.
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A3 was expected, as mcre f22otures were displayed the surface tendad
Lo tecrme conrused and rere color coding was very important., To make the
surfaces more reallstic, a shading algoritnm was used on the surfaces. Tne
{ntenaity "painted™ on each mesh trlangie was lianearly interpolated between
the vertices to improve depth-cueing. The final inprovement remcved hidden
aurfaces from view,

A3 {t was necessary to observe scme of the nidden surfaces, thev
wore rendered vis{ble by diplaying the obscuring surfaces as transparent
surfaces., This was done by Adisplaying each element of the surface as 2
1inear combination of the ocecluding surface intensity and the {ntensity of
tha surface behind i{t. This gave an excellent rendition of the surfaces,

There {s conslderable medical interest {n knowing the volume of
various organs in the body. Once the surface had been displayed, th2
volume problem couid be tackled by means of a voluae, or triple, integral
over that region of three-dimensional space. If the object was regular,
and possessed of a known gecmetric form, such as an ellipsoid, then the
triple integral could b~ evaluated directly. If a simple and analytic form
was not available, an {terative integration procedure was used to svaluate
the volume,

The main purpose of all this modelling was pre-planning for complex
bratin surgery and radiation treatment for tumors. Obviously, in such
operations, there is little rocm for exploration or error. Further, with
radiation treatment, an accurate knowledge of the shape, size and position.
of the tumor would enable exposures of healthy tissues to be kept to a
minimum. Repeated use of this technique allows the size and shape of a
tumor to be monitored during and after treatment.

A similar use of computer graphics technology was described by M.
Ameil and others i{in a paper on computerized reconstruction of anatomical
structures (16). Here the authors reconstructed the ventricular part of an
adult human heart by means of digitizing sections. A specimen heart was
frozea and cut into cections one-half centimeter thick and each section was
then photngraphed. The data was digitized and sections were made up.
Displays were presentea as wire-frame sections and as a solid, shaded
model. The digitization and displays were performed with an Applicon CAD
syatem. Each section contour had to contain the same number of points so
that a mesh could later be built for the shaded surface. The surface was
created by generating multiple quaarangular polygons. The shaded and
smoothed surface was created from this but took large amounts of computer
time - about seven hours {n this case.

Apart from just static modelling, computer graphics are now being
used to examine and analyzZe Kkinemat.ic problems. In a paper entitled
"Computer-Assisted Analysis of Ligament Constraints {n the Knee" (17),
Langrana and Bronfeld looked at modelling the shape and movements of some
ligaments in the knee joint.




Most of the xnowledge aboul the functions of these joint ligaments
has ccme frem Lwo scurces:  studias of normal gait and evamination of human
cadavers, The location of the sctual ligamonts was fcund with the aid of
ccmputer-alided tomography (CAT) which gives radiographic density
information. Most of the extraneous tissue was removed frcm a knee joint,
care dbeing taken to leave the ligamants uncut. Thin Kirachner wires were
{nsertad (nto the surrounding tissue so that the attachment sites with
~uaspact Lo the bere could be recorded on the CT scan.

e s e

A Jig fixad the 3pecimen Joint {n the zero degree flexion position.
Fixed wire frames were attached to the jig so that a radio-opaque grid
wculd be generated and show up cn the CT scans. This allowed the scan data
to be digitized and the grid di{asplay allowed the scale to be fixed.
Projector magniflication errors were thus eliminated,.

Two types of engineering analyses were performed. In one, the hx o
density profile at different scan slices was investigated and in the other,
the geosr. "=y 57 ths joint was reconstructed and the relative role of the
four major iLi{gaments was studied. The data euabled the knee joint to be
nodellea with three-Jimensional ccmputer grarhics and allowed an analysis
to be porformed on how the loads {n the ligament were shared.

A clinical stability test using a device known as KT1000 was used
tO assess this and the particular test was a passive draw test. This teast
was performsed with the knea in the ninety-degree flexion position. A load
was applied to the nroximal end of the tibfa (the top end of the lower
legbone adjoining the kneecap) which pushes the tibia backwards. This was
done 2gain with the knee in the twenty-five-degree flexion position, and a
load was applied to the proximal end of the tipia, this time in the forward
diraction. The XT1000 allowed both these tests tc bte performed witil a
Jtandard load of eighty-nine rewtons and a precise measurement of the
relative bone motion was obtained. Sixty subjects were tested. The main
datad of the passive drawer tests were used in the simulated teat to
determine the load sharing in various ligaments of the knee. This was done
by placing the coumputerized knee model at the proper flexion (ninety or
twenty-five degrees) for that particular test; calculating the length of
the ligaments in that position and the: superimposing the passive draw
data. The increass in length of the ligaments due to the test could then
be calrulateu.

Several assumptiony and approximations were made {n the models of
ligament tissue in respect of cross sectional area, elcngation per unit
force applied and the like. The bone densfties of the CAT scan were
converted into digital data and a three-dimensional computer model was
created of the entire knee joint. Combined with the data of the passive
drawer test the increase in ligament length due to tiie test could be
calculated.
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It was found tnat the pattern of elongation of the ligament filters
wad {n clocse agroement with that of the acdel. With certain assuaptions
about the nature of the cthysical properties of the tissues socme fairly
accurate oredicticns were made of their dehaviour under stress using a
cemputer model.

The possibility of u2ing computer-aided design in dental and
reconstructi{ve surgery has been {nvestigated by Arridge et al. in a paper
entitled "Three-Dimensional Digitization of the Face and Skull" (18).
These rnew surgical techniques have led to more complex and sophistlcated
modification of more parts of the facial skeleton. This surgery now
includes the object of improving overall facial aprearance rather than
being limited to correcting purely physical functiona. Indeed, the whole
art of plastic surgery is devoted to just that, M2st of the methods
avajilabie now obtain only two-dimenaional data from photographs, ¥-rays and
CAT-scans. The standard technique here was to cut up profile photographs
magnified to the same size as the stancard la%eral skull X-ray and to
superimpose theae over the hard tissue radiograpns. These were then mcved
around to produce the best results.

Attempts to overcome the problems of acquiring accurate surface
data have led to the development of atereophotogrammetry, laser scanning,
sonic digitization and a variety o, other techniques of shape assessment.
Also, advances in computer graphics have enabled us to see 20l1id modelling
and surface shading brought to a point where extremely detailed and
realistlc images can be presented.

The approach used here consisted of a simulation of the old
techniques. Computerized X-ray axial tomography was used. This type of
scan was useful as it could distinguish beween hard and soft tissues. The
three-dimensional aspect of the data was still generated by taking
successive two-dimensional slices through tha subject (about sixty-four
parallel slices two millimeters apart) and constructing the three-
dimensional image. An added disadvantage of this method was that it used
ionizing radiation.

The experimental procedure used a CT scanning system and a
television system driven by a single shared microprocessor. Tiis enabled
complete synchronization between patient and TV picture scan sequence. The
data was extracted from the scene by means of two farned laser beams
projected vertically on to the face from an oblique angle and viewed from
the front. This method avoided the "blind" spots, such as the sides of the
nose, that are caused by extreme reflection angles from the subject
surface.

The two data sets of facial and skeletal surfaces were stored in the
computer as ordinary three-dimensional co-ordinates. To produce the image,
the data points were joined up in such a way as to produced a t:-~iangular
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mesh. This mesh was then surfaced and displayed as a shaded surface with
hidden lines and hidden surfaces removerd. This was {n terms of computing
time about two minutes on a Data General Nova. Par% of the model (tue skin
and soft tissue part) was displayed as a semi{-transparent surface so that !
the akeletal structure under {t would be clearly apparent.

wWhen this part of the procedure was completed, the data was in the
form required, that s, the model could be cut up to simulate surgery. The
biggest remaining problem was to gather data on the post op2rative effects
of reconstructive surgery on the skeletal base and to see how this affected
actual soft tissue regeneration. It was found during this work that the
problems of getting a variety of computer systems to interface could be
overcome,

2.4 COMPUTER-AIDED DESIGN AND BIOMECHANICAL ENGINEERING

Another very important part of the use of CAD/CAM in medical
problems is the use of numerical control (N/C) machining for the production
of things such as artificial joints in the area of biomechanical
engineering. This has been described ia some detail by S. Dore and J.
Bobyn (19). In a paper entitled "Unique Orthopedic Implants" the authors
described the use of computer-designed and manufactured artificial joints
{for patients suffering from various forms of arthritis.

In the past, various forms of treatment had been available for
arthritic joints such as i{nsertions of soft tissues between the
articulating joints and/or replacement of one of the joints. This was the
beginning of "mold arthroplasty" whereby the snape of a metal implant is
matched to the geometry of a joint. The earlier forms of this treatment
for arthritis involved making a copy of the bone geometry as closely as
possible to the real thing and fixing this by means of a long stem inserted
into the medullary canal (the bone marrow channel). The preferred type cf
treatment today involves the replacement of both articulating surfaces of
the joint and this has been made possible by the development of several new
techniques i{ncluding PMMA - polymethyl methacrylate - a bone cement., This
material acted as a grouting agent and filled the gaps between the g,
prosthesis and the surrounding bone that allowed bone to grow around the )
implant and secure the prosthesis i{n place. i

This process has worked relatively well in hip-joints, which, being
ball-and-socket joints were inherently stable. However, for the knee
Joint, the stability was guaranteed by the surrounding muscles and not by




RS S

-1 -

any intrinsically stable geocmetry. This was an added complication as PMMA
had problems as a bonding agent. It was weak structurally and had some bad
tissue reactions.

What was needed was an implant that had exactly conforming geometry
to the shape under repair. This has been done for prostheses by taking an
impression (in the case of amputee stumps) but for internal Joints this was
not possible.

So to circumvent this problem, CT (computerized tomography) was
used to take eight scans perpendicular to the long axis of two femurs
resulting in scans that were four millimeters apart. The result of this
proceas produced a two-dimensional picture of the structure in a plane.
This {nformation was manually digitized to produce a three-dimensional aet
of data points. The data was then ready to be handled by an APT-basea
program called SSX7 which represented the surface as an ordered set of "m
by n"™ points, about sixty in all.

The machining was performed on a five-axis milling machine. This
avoided problems of repeated machining on a three-axis machine as in that
case the work had to be repositioned on the table so that the cutting tool
would not encounter conditions of undercut. Some surface gouging was
reported and the final product, machined out of "NC wax" - a polyestar
material - was compared to the original by framing a negative of the
replica with dental impression material and placing the negative on the
bone. There was close agreement over most of thc surface although erro:rs
of three millimeters wers reported.

Errora were also generated by having a four-millimeter gap between
each tomographic scan: newer devices have reduced this to one millimeter
but the problem of excessive radiation doses to the patient may limit the
viabilily of tco many scans, The three-axis machining introduced errors
because the work had to be rotated on the table to allow all the surface to
be cut and be free of gouging.

Further work of a similar kind was reported by wWalker, Rovick et al
(20). Here the authors describe the analysis of knee motion and the
construction of an average knee joint for prosthesis manufacture. An
artificial knee joint was made up and mounted on a dynamic test rig in
which the coordinate system was based on the femural geometry. A
potentiometer on the axis measured the flex{on angle of the knee joint and
a load cell monitored force. Data was stored directly in data arrays in
the computer. Two angles and three displacements of the femur relative to
the tibia, as well as quadriceps force, were displayed graphically as a
function flexion angle (knee bend).

The three-dimensional motion data was used in the design of
external joints for a prefabricated leg brace. It was thought that if the
external joints were constructed to mimic normal knee motion the brace
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would move synchronously with tne knee and when being used to provide
suprort for an i{njlured or post-operative knee, {t would provide normal
li{izament length patterns.

The design was carried out using computer-aided design and a design
optimization process was completed also. The coptimization of the design
would not have been possible without CAD as a complete analytical method
would have been too cumbersome. By making small changes {n the design of
the brace and running the program, immediately changes and improvements
were visible on the graphics display.

For some conditions replacement of the entire knee joint i3
necessary. Most designs for this use planar projection of the knee
geometry but to attempt to get a better representation of the geometry a
procedure was applied to determine an "average knee geometry"™ as a basis
for joint design. The sactions of twenty knees were obtained and
superimposed on the computer screen where shape variations were {mmediately
apparent. To generate an average shape, transverse lines were drawn across
the peripheries around the profile of superimposed images such that these
lines were perpendicular to the mean tangent of all profiles at that point.
It was found that once the sections on the main joint bearing surfaces were
normalized for size, the variations in shape were gquite small being of the
order of one millimeter.

A model of the knee was built up with the 3et of average profiles.
The resultant surfaces in the model were modelled using analytical surfaces
e.g. spherical surfaces and forms from other gecmetric solids rather than
using a true sculptured surface generated frou sets of spline curves. This
process could be used on one particular knee as key dimensions could be
taken by means of CAT scans or from radiographs and then fed into the
surface generating program 2nabling individualized design to be performed.

After determining the form of the bearing surfaces, the femoral
component was designed. The femur could be flexed on the tibia and in any
regions where poor fit was detected, modifications to the surface could be
made.

When designing the total knee joint, consideration had to be given
to the face where metal and plastic parts would be working together.
Design problems included degrees of freedom in the joint motions and how
much should be allowed. Various tibial surfaces were designed by defining
motion or stability criteria and constructing the tibial 3-C surface by
moving the femoral component through a variety of positions so defined. A
surface for average knee motion was generated by moving the femoral
component through the flexion range. The surface coordinates were sorted
in data arrays and a grid was defined in the horizontal plane and for each
square on the grid the point with the maximum y-value represented a point
on the tibial surface.
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The graphics display was produced using a solids modelling package
called Movie.BYU cdeveloped by H.N. Christiansen and colleagues at Brigham
Young University, Utah (21). A Gould Deanza Image Processor was used in
conjunction with a DEC miniccmputer for the CPU. The Movie.BYU package
displays solid models with simulated light sources and this combination
requ.res a significant amount of computing power.

2.5 SHAPE ANALYSIS AND COMPUTER MODELLING

The most complex part of computer-aidad design is usually the
creation of CAD databases for complex shapes.

A renent advance in interface techniques was reported by Boulanger
(22). For objects with regular shapes or geometric regularity the analytic
design capabilities of the CAD system are generally used. But in the case
of irregular shapes (such as human body forms) the data for sueh a shape
has to be gathered by some scanning method on a point-to-point basis.

A system was developed at the National Research Council of Canada
consisting of a line 3canning laser and light sensor. The system can scan
in a raster mode generating data in the form of an array of points or it
can be used to make range measurements at randomly selected points. The
device also allowa the scanning of an object 360 degrees around a
cylindrical axis.

The system consists of a laser light source, a scanaing mechanism
and an off-axis detector. The projection and detection of the 1light spot
and {ts detection had to be done by a synchronized system so a pyramidal
mirror was constructed for this. The distance from the projector to the
object's surface was calculated simply by means of triangulation given the
known orientations of the projector and detector. The detector is a
lateral effect photodiode deposited on a sensitive layer. Because of the
structure of this camera it was possible to obtain reflectance data from
the object and 3D range data. The resolution available in the x- and y-
dimensions was 1 mm and in the Z-dimension 0.5 mm.

The disadvantage with the raster scan process (any raster scan
process’ was that the whole field of view had to be digitized before any
depth information on specific data points could be extracted. To overcome
that problem, the authors designed a new model of camera that dispensed
with the pyramidal mirror and used a plane mirror. The scanning minors
were very precisely controllable. A cylindrical scanner, based on the same
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technique as the raadom sccess scanner, was developed and this enabled an
cbject to be nlaced vn a rotating table and scanned up and down along the
axial dimension so that coupleta 360° cylindrical data could ba obtalined.

To render multiple views of an object, the data obtained ’‘rom
different positiona had to be merged. For irregular objects and a camera
which {3 not a point this can be quite difficult as the location of a
reliable origin is important. For a cylindrical scan, the merging of data
was fairly straightforward., A scan was performed and the object rotated
through a known angle and scanned again. The coordinate aystem was located
by the axis of the cylinder and the merging of all the views was done by a
fairly simple watiematical calculation on all the data. (Co-ordinatc
rotations on all the data sets). This enabled the data to be collected
with no overlap between the data-sets.

Large quantities of data were generated; too much for surface T
rendaring bv means of regular graphics. The data set was pared down to a ‘ 7§_
256 x 256 array of range data points. Even this size of object or model :
was very large and could not adequately be displayed by a wire-frame image.
So to overcome this difficulty the data was sampled every {-th point and
presented as an array of z0 x 20 or 40 x 40 points. Sometimes {t was
required that data points be added for some of the spline curves in the
geometry to be completed. 1In a B-spline representation of the data, the
points become the nodes of the curves. The final form of thes data
presented a surface rendering and it was also in a form that could be
modified for a CAD/CAM machining package such as POLYHEDRAL NC.

2.6 COMPUTER MODELLING OF ANTHROPOMETRIC DATA

Despite the fact that complex surfaces can be scanned by various
techniques and modelled on a computer, several important problems remain
with anthropometric modelling techniques.

Anthropometry usually deals with large quantities of polnt-to-point -
data taken from a human population sample representative of the nation or [ S
the larger population that the sample was taken from e.g. the military '
forces of the nation. If the data was to serve as the design basis for
clothing, such as uniforms, or protective squipment, such as gas masks or
helmets, then as these will only be made in a small number of sizes, some
form of data averaging must be carried out. For instance, to produce a
design basis for a gas mask or helmet, one would take various critical head
and face dimensionrs in the survey and average them. Statistical data would
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2 av. . lable and scme dimensions could be made one or two standard
oviations larger or smaller than the average according as to whether the
r2lmet, 3ay, has to fit over certain critical dimensions, The dimensions
~ould be established by constructing. by hand, a model In plaster or a
similar material, conforming to the design dimensions. Here the design
dimensions are those dimensions that determine the size of the model and
they may be the averaged of the 75th percentile or the average plus one
standard deviation ate.

Tn construct a similar model in a computer with digital data
requires some means of extracting statistical information from large
quantities of data. Sin.e computer modelling produces shapes and surfaces,
this part o the problem amounts to shape averaging and this is a complex
task for an object as varlable as the human body. It is by no means as
simple as averaging one set of numbers as a three-dimensional shape has to
be built up from various dimensions that bear very iittle correlation to
each the other.

The process is further complicated by the fact that there are no
standard landmark3 on the human body that act as an indisputable origin
and, even if there were, the eyes, ears, noses, etc. of various subjects
are at slightly different places on the body. The net effect of attempting
to average different si{zes of objects which arz2 also at slightly different
locations is to smear the data rather than produce an averaged shape. The
problems of shape averaging have been approached by Kasvand et al. (23).

They describe a range measuring camera (also described in (22))
which delivered two-dimensional images of the elevation of the target
objects above a reference plane. After this, the "pre-processing" stage
was initiatad. This involved taking the Z(x,y) data and extracting from it
the facets of the objects in the scene, the edges and corners and their
relationships to one another. This process constitutes segmenting the
image. Each Z(x,y) element of data w“as termed a pixel and the data set was

analysed in units of 3 by 3 pixels to determine gradients. From this the
edges could be found.

In recognizing any object the edges constitute a particular problem
as there are "ordinary edges"™ and " jump edges". Ordinary edges occur where
one surface joined another but a "jump" edge involved a "cliff"-type edge
with a discontinuous change in Z-value. It turned out that the "ordinary"
edges were more difficult to detect and process than the "jump" edges.

From the 3 x 3 pixels constituting sub-sets of information from the
Z(x,y) data, the surface normals were calculated. Once this information
was determined, a mapping function, M, was found to transform these
parameters into a new space, H, where the types of surfaces form clusters.
The new space could he called "gradient space" where the axes are the
gradients Zx and Zy or a "surface curvature space" where the axes are the
two curvatures at any point Z(x,y), depending on which type was chosen for
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the data presentatjon., In the gradient spesce, the surface normals were
plotted an¢ the plena then appeared as peints, and cylinders as curves,
Actually because of various i{naccuracies, the ¢~ta appears 43 "nlusters" ot
points, particularly as the angles were quant,.:22d to discrete intervals
of 5 degrees. These clusters were labelled and expanded according to the
geometry they describe. Using the tilt angles of the surface normals this
inforaation was 'projected vack' into the image plane. The display was
cleaned by zeroing every pixel element in a 3 x 3 4-cornected region that
had the same liabel as {ts four neighbors. It was found that the re-created
labelled image contained some spurious small regiocns. These were the
results of certain smoothing methods and differencing techniques that
resulted in any 5 x 5 pixel element or smaller not being reliable. The
results of this analysis produced labelled images that were descriptions of
the surfaces.

Once the image was classified, various methods were examined for
obtaining object descriptions, one of which was CAD models., The model of
an object was stored as a set of Pascal records corresponding to adjacent
survaces and a set of variables that related the surfaces to the model
center. Taking {nformation from the preprocessed image, a second list of
records i{s built and elements of the same type from the scene and the model
were compared. In order to identify the object, the adjacent surfaces had
to be matched and the view axes and orlentations all compared. All these
processes involved extensive computing but they.di{d manage to extract the
informat.on and identify the objects and their crientations correctly.

The recognition of objects and shapes, even fairly simple shapes
consisting of planar sides, i3 not an easy job. But resolution of these
types of problems are important before more complex shapes can be readily
identified and manipulated.

Further work by Rioux and Boulanger reported on shape segmentation
(24), In the analysis of human body shapes, there are no planes or
analytical curves, s¢ the segmentation of shape is much more complex.
Segmentation is a combination of data acquisition and recognition. In
order to break up a shape or set of shapes into segments, selected feature
parameters have to be used. Here sire wave coding of range images was used
to segment a collection of plane and cylindrical object surfaces.

The range image was first taken using a He-Ne laser scanner. These
images had a range resolution of approximately 0.25 mm. The range data was
atored {n a 14-bit word which contained the position co~-ordinates and the
range data. Now a Fourier transform of a planar surface would produce a
single frequency grating and the cylindrical surfaces showed up as lines in
the frequency space display. The sorting, or segmentation, was done in the
spectral space, by generatine a mask to filter the spectrum. When image
reconstruction was done, various parts of the image were selectively
amplified. For example, to select the planar surfaces, certain dots were
amplified.

i
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When the image was reconstructed by means of the inverse Fourier
Tranaform of the filtered pattern, the surface definition was good.
nacause 3-D images are invariant under translaticn and rotation, the
rroblems of scaling (associated with position on range axis) were
minimized. A presentation of two human face-forms in sine wave coding
showed the abllity of the technique to codify complex surfaces. The
»acognition, that {s the matching of certain properties that define the
objects, was done in the transformed space. It may be seen that this
techniocue could be promising for the development of object recognition and
other AI applications.

3.0 CONCLUSIONS

The techniques avallable for computing and computer-aided design in
the human and bio-engineering environment are expanding rapidly. As in
other fields, no one knows exactly where current developments will lead,
but image processing, prosthesis fabrication i{n medicine, molecular
modelling and "designer" drugs all show that the possibilities are only
limited by the imagination. A bibliography of relevant papers is included.
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